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S~ ABSTfRAC T

ii Variations in the longitudinal stability of tmý F-94 airplano, can be
vchioved by automatic actuation of 1) the elevator propur Lional to 6% x Lnd 6s

7 signals to alter the short period dam~ping aind frequency,2) the pilot's stick pro-
portional to SF/q and CC to change the stick force and position gradients,

a 0.43 ft 2 canard pitching control surface driven at 2 deg/sec. by a/q and

4q signals to modify the phugoid dbmping and period.q

The operational range of the control equipment necessary to accomplish
these variations in flight are determined. A specific sequence of calculation is
listed for obtaining the gearing required to obtain a set of flving qualities.
Transient responses determined by analog computation are pre 3ented _ciong witt a
phase diagram representation of the phugoid and short period motions.
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FOR THE COMMANDING GENERAL-
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DEFINITION OF SYMBOLS

S. Wing mean aerodynamic chord (ftr).

r_ýe Elevator MAC (ft.).

C C. D u. Lifts drag, pitching moment and hinge moment
coefficients, respectively.

Thrust coefficient, C - T

C Rate of change of pitching moment with non- I
dimensional airspeed, dCm/d (u/7).

Ratenof chngl~e ofpthn moment with non- .LA O dimensional rate of change of airspeed,

dCWj/dd(u/v)/4-)1

CL Cm~ C4L Rate of change of pitching moment with airspeed (rad/mph)

Rate of change of pitching moment with rate of change
airspee, om n i ise r//d4(rad/mph/sec)

4ell oC Rate of change of elevator angle with angle of attack

Jj A •Rate of change of elevator anle with rate of change
of angle of attack, (deg/deg/sec)

06 C /d,,< Rate of change of downwash angle with angle of attack

D ( ) d ()/d(t/#e), D2 - d2 ( )/d (t/Z)2

D LA Rate of chan•e of non-dimensional airspeed with non-dimensionaltime, d(u/V~d(tlV)

D •" Rate of change of angle of attack with non-dimensional

Short period frequency (cps)

s tick force (ibso)

Acceleration of gravity
H Hinge woident (ft. Ibso)

Non-dimensional pitching inertia, X.r

WADH 52-u48 ( vi -bs_,



Tail length (ft.)

9 Phugoid period (sec.)

Dynamic pressure (psf.)

H Horizontal tail dynamic pressure (psf.)

5 Wing area (ft2)

Elevator area (ft2 )

Time (goo.)I]
T -irust (lbs.)

4 Forward speed increment

FE L Forward velocity gust disturbance, (mph).

S• Rate of change of airspeed with time, du/dt (mph/seo.)

V Forward speed, Vi denotes indicated airspeed (mph.)

Gross weight (lbs.)

OC Angle of attack (dog.)
0

,cp Rate of change of cK 'with time, doe/dt (deg/isec.)

, L. Auxiliary surfaoc defleotion (dog.)

Elevator deflection (deg.)

Fl Wap deflection (deg.)

"9S Control stick deflection (deg.)

9 Elevator tab deflection (dog.)

A. • )Increment in ( ).

• Phugoid damp'Ig ratio.

5S • Short period damping ratio.

G Angle of pitch.

Relative density,

Air density (lbs/ft 3 )

7" WADC 62-248 -vii



IN•ODUCTION

The Flight Research Laboratory of the Wright Air Development Center has

instituted a program with the Cornell Aeronautical Laboratory to obtain aotua!
flight test data on the optimum and minimum flyable longitudinal stability and
control characteristics for fighter and bomber airplanes. This type of information
has recently beome of great design importance with the advent of practical servo=
mechanimms for the addition of artificial stability to airplanes; also, this
information should be useful to those charged with the responsibility for estab-
lishing handling qualities specifications*

Two airplanes are being used for the evaluations- one, a B-26 light
bomber; the second an F-94 jet fighter. 7he elevators of these airplanes are
driven by irreversible hydraulic servos in response to control signals supplied
by •he pilot and signals provided by artificial stability pickups. The control
sticks are driven by a second servo in response to pilot applied control force, in i
a manner closely simulating the natural airplane's control forces. A small auxiliary
pitching surface is driven by an electric servo motor for phugoid control. By
adjusting the gains of the various channels of this equipment, thi following parama. '
ters of longitudinal stability and control can be varied: phugoid mode period and
da3.Lg, short period mode period and damping, static elevator to trim vs. CL and g,

and statio stick force vs. CL and g. The extremes of stability and control that [
can easily be simulated and evaluated could not safely and economically be obtained
in any other way.

Reference (1) presented the theoretical analysis on the B-26 airplane.
"Tis report contains the supplementary analysis of the artificial control necessary
to provide a wide range of flying qualities for the F-94 airplane°

WADO 52-248 -viii



ANALYSIS

BASIC FLYING QUALITIES

The eight flying qualities which are considered to be basic in a pilot'sI[ evaluation of an airplane I 10ugitudinal motion were linted in Reference (I) as.
follows$

1. Frequency of the "short period" mode
2. Damping of the"short period" mode
3. Period of the "phugoid" mode
4. Damping of the "phugoid& mode
5. Control deflection to trim vs. speed for ig flight
6. Control deflection per "g" normal acoeleration
7. Control force to trim vs. speed for Ig flight
8. Control force per "g"

The subsequent analysis will show how these basic quantities will be
varied on the F-94 aikplane.

Short Period

(Ref. The short period characteristics can be determined from the formulaes

CC'

100 (100) (% critical)

The normal stability derivatives of the F-94 are listed in Table I. The frequency
and per cent critical damping in the short period mode are listed in Table II for
five possible flight conditions.

-Possible artificial control of the short period at 292 mph indicated

airspeed and 20,000 ft. altitude is listed in Table III. It is noted that either

ACmea or %2 can be used to vary the frequency. CrDe2 changes the effec-

tive pitching inertia of the airplane, and its use yields only P. limited range offrequency control, especially with large static margins. ACm, was chosen,

therefore, •o allow wider short period frequency variations.

The short period damping can be controlled by either A C or ACmq

a& seen in Table III. AC mq, however, affects the phugoid mode and.the maneuvering

stability. LC"DIX. was chosen, therefore, in order to isolate the effects of each

variable on the eight basic flying qualities. It should be noted that eitheraCmN

WADC
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or L CmDX changes both the frequency and the damping of the short period mode.

Thus, a sequencoe of settings for these artificial controls has been established a 1
followas

I. Choose desired f andes of short period.

2, Caloulato doe/dcw orZC required froms

(Ref. 1) 1
C C-.(2)

3a. Caloulateo dle/do or AGmDm required from:

t • ~~~- "__ _ -5 ___B 
• 3

Phugoid (rad/rad/s

The phugoid characteristics of the normal F-94 airplane can be determined

from the formulae:
(Ref. 1)

D io (,0 (4)

S-(% critical)

If the static margin is greater than 10%, the phugoid period and damping are

closely approximated by the formulaes

p - .2o0 'vM (sec.)

100 70..7 (% critical)
CL

* WADO 52-248 
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The normal phugoid characteristics of the F-94 should be calculated from
the former set of equations as the statio margin is close to 5.5% for the usual
flight conditions. Table II lists the period and damping for five possible flight
configurations.

Possible artificial control of the phugoid at 292 mph indicated airspeed

and 20,000 ft. altitude is listed in Table IV. The purpose of this program is to
provide a wide range of control over the flying qualities. Variations in thrust

v (or Cp ) would not provide this extreme range in controlling large amplitude dis-
turbanoes. This can be seen for example, if a C. -. 17 is assumed to add

50% critical damping to the phugoid. Tf the airspeed varied by 20 mph ind. a change
in thrust of 1220 lbs would be needed) to achieve this damping. Thus, it was not
considered practical in this case to atilize thrust variations for phugoid control.

Pitching moment derivatives proportional to u or D2u can be used to
vary the phugoid period. CMD 2u, however, affects the short period mode, so that

Cmu has been chosen for artificial control.

Either C"Du or C will control the phugoid damping. Since Cmme

woiIld also vary the static stability of the aircraft, C was chosen. It should
mDu

I be noted that both Ca~u and Cmu should be used simultaneously to achieve a

desired period and damping, since either derivative affects both period and damping.

Auxiliary Surface

It is noted in Table IV that a d•e./du of -. 0059 deg/mph ind. would be

required to reduce the phugoid period to 62.8 sec. Thiq gearing would demand a
positioning accuracy of 0.0069 deg elevator if the threshold of the instrumentation
is assumed to be 1 mph airspeed variation. Therefore, the elevator can not be
used to provide the low pitching moments required to control the phugoid. The
design of a small pitching control auxiliary surface is now considered,

The maximum pitching moment necessary will in general determine the di-
J. mensions of the auxiliary surface. In this case, however, the design was determined

by calculating the minimum moment desired and then multiplying this value by 100 to
yield a practical gearing range for instrumentation. The minimum Cm would be

j required to add 10% critical damping to the phugoid at the Vi = 292 mph, H 20,000 ft.,

dCm/dCL -. 055 condition when the disturbance is of 1 mph amplitude.

Cmm. CmDuU•' min.

4 2dCm/dCL (dCWmdCL +SCmDu= T

(Ref. 1)

WADC 52-248 -
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=4(.10)f[2(-.055) (-.0661)] -034

Du - 1 W(2-4) - .000583

Cmmin. .,034(.000683) = .00198 x 10-2

If a 100 to 1 ratio is assumed for the sensitivity range, a design Cm of .002

will be determined.

A deflection range oif 10 deg. was assuned to give a Cm60 of .0002

i/dego The dimensions of the surface were determined from the formula:

2 a

For an asaiimed aspect ratio of 2.87 for each side of the surface, CL. will be

3.06. The surface will be mounted in the nose 14 ft. from the o.g.-of the airplane.
Thus:

Sa .0002 (57.3) .4 f
14 1 .4

3.06

The dimensions of the surface are then:

span on one side = 9 3/8 in.
chord = 3 i/4 in.

"The f ormul a for do../du and dSa /dai in terms of the phugoid damping and

period are:-

v,; BC-. C I

deg/mph ind.

where C I

t/o

S52-248
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wher. -f
(6'L

11 and = v

The sequence of calculations is important. Steps (1), (2) and (3)
should be completed first for the short period analysis and thent

4. Choose 1. and P of the phugoid desired.
li5. Calculate d•a/du or Cm as above.

6. Calculaodo u or CO as ooe

It• was not~ed in Referenceo (1) that the signals. • -)and ul/q would be

provided instead of u and u in order tn vary the phugo'd in a "natural" way,
i.e. independent of speed. The signal was provided by a dividins network as
described in Reference (2) which allowed te full range of q while discerning a
1 mph variation. 7he q range of the P-94 is greater than that of the B-26 and
with the use of a larger range gage, the discrimination can no longer be held near
1 mph (or 1 psf.).

SA q/q signal will be used for the F-94 instead. This signal'oan be
( I measured accurately by differential preusure gages on total and static lines and

with a dividing network as before. The relations betweent-L and A q/q can be
noted as

Th~us itis aprnthtAq/q s proportional to 4and that the t~q/q signal
will be inversely proportional to the equilibrium dynamic pressure. This signal
must then be adjusted for the trim speed of the test.

Mhe auxiliary surface will then be controlled by signals from~q/q and

u /q.

WADO 52-248 5

I]'•Iai



Control Stick Parameters I

The control stick parameters of the normal F-94 airplane were caloulated 'from the formulas of Ref. (i)a

al do/p !ndV40V c L'

W 1 R M6 0 C Ll b s / m ph i n.. .i
where F. is positive for push forwardx- (!+6bfr)rn

(7

The control stick parameters of the normal F-94 airpae wisredi TableulV,
fro orher formuaeofiRef (rifiia coto h uniie Ids • d

-id /Fl ilb rvdd ic h tc sn loegepr onetd. tot

lbsmp md.(

of thwse ree Fribls posi~iv edfo pshic fowrmdin° tsainiprat
'WAS lbs/g

where n is positive for push down
x =1 for push downs

X (1 +;9) f or turns

The control stick parameters of the normal F=01A are listed in Table V,
In order to provide artificial control the quantities d$e-/d,5 s) d~s /d-c and
d.p s/d FS/P will be provided. Sinces the stick is no longer connected to the
elevator surface mechanioally, relations can be determined to find the proper value
of these three variables for~ desired stick gradients. It is agpin important to
sequence this calculation as nhown below&

7. Choose d !e/dVi or d5e/dn desired.

WA.DO 52-248 -6-



ft8. Calculate dee/ASs (if d&/d-. in ohosen)from-

is dyev A, deg/d/g i8a)

or 8b. Calculate d<e/dSs (if der . n is chosen) from.

-C deg/deg (8b

9. Choose d•/idVi and dFs/dn desired

10. Caciulate di.'S/dok from

. (at trim speed in ig f light) deg/deg (10)

11. Caloulate dFP /q /. from

o d ,o" C

2 W/D 824 -- "t Crs

PREDICTING FLYING QUALITIES 2LL~ ±~ ~i

The steps to predict the flying qualities are listed belAow as a SUnvxary
of the preceding analysis%

1. Choose and 9,of short period desired.

2.. Find d$e./dmw from Equation (2).
3. With this dIVec/doc, use Equation (3) to determine d~e/dG. or A C

1.~ Choose P and I* of phugoid desirodý
55. With d~e/dc-, and d.~e/dq; found above, use Equaition (5a) and' (5b)

to det~erminle d(iow/d~t or Cmw, dtria s auto 6. n

(6b) to" flnd dba./du/q or-C

[FWADC 62-248 -7-



7. Choose either d e/dvi or dS/dn.
Ba. With ACmet and Cm. known, use Equation (8a) to find Cmas or de/d~ s

if d~e/dVi is chosen*

or 8bo aifith AOmo and 0Om known, use Equation (8b) to find GC53 or dg!/d JS

if d$e./dn is chosen.
9. Choose dFs/dVj and dFs/dn desired.

10. With L0mO. known, use Equation (10) to determine d%S/dbm or

11. With &CmW, CmS and d4S/d* known, use Equation (II) to determine

ChOr d

SRANGE OF VALUES

The gea&ring.a dSe /daor d5 e/d~o d 9-/d d9 c,/ 4& d /d 5 S
d~sdatand d~g/q/diC hav~e been o1hosen for automatic control, 'The rsmige of

values of these parameters will next be determined,

Elevator Servo

Modifications to the normal F-94 airplane will be made to actuate the
elevator with no mechanical connection to the pilot' d stick. It should be noted
here that a stick will be added in the F-94 aft cockpit to allow the stand-by
pilot to maintain direct mechanical control of the elevator surface.

An electronic-hyrdraulic servo system similar to that described in
Reference (2;) will be used to actuate the elevator surface. Full elevator travel
of 54 deg. will be provided with 6 in. servo linear travel, The detiign resolution
of the servo is 1/6 of 1% or .01 in which is equivalent to .09 deg. The signals
to the elevator servo are shown below:

cre SI• LVATOR

SYSTEM
53O

Mhe equipment will be designed for a short period frequency extremes of 0,1 to
1.0 cps and for an angle of attack of from t0o07 to -10 deg.

The signal dge/dW will be used to provide a minimum 1% static margin
change0 Thus, from Equation (2)1

1 S, + 5.19 (.01) -- 0626 dog/deg

WAIVC 62-~248 A6>



The requirement that the frequency of the short period be doubled at the high static

margin of 11%, determines the maximum positive gain of d~e/d., as&

L. • - •(b.9) (-.11) 2.06 dog/d•g
= - -. _945

I In order to halve the frequency at this conditions

- -.61 dog/dog

The signal d~e/d4 will provide a mirimum 10% critical domping change

in the short period at Vi = 240 mph ind. and 2% static margin.

From Equation (3)s

, 2(2.40).10 (5.9)(.02 + .011 = + 026 deg/Aeg/see.

The maximum sensitivity is necesary to inrease the short period dapnt I e to 140%

critica~l at Vi - 292 mph ind. and lb% static margin. Thus, .A4 1.01,A% oritioal

dsaand 
dard• is:

- ~ (5.9)(.10 +.Oill] -48 dog/deg./see

In order to bring the daping to zero%-

2 (2-4) (-495) 092Fe/e/e
- .1 L. L 31I - -.2 de/e/-

mhe signal d~e /d~s varies the stick position gradient with airspeed and

normal acceleration. It -wos desired to vary d ge/dVi 
and d 5e/dn from slightly

unmstable to five times their normal stable value. d 5/d$z is inversely propor

tional to these basic flying qualities from Equation (8a) and (8b). Allowing a

factor of two for statio margin variations,, the range, of de/dSs is

Minimum = " 0.1 dog/dog

-10 deg,/dog

Stick Servo

The pilot's control stick will also be actuated by an eleotronio-byeaulio

servo system. Full stick travel of 31.5 dog. will be provided by 6 in aotueator

travel. The signals to the stick servo are shown below%

i< STICK

_SERVO1 SYS-M

S'"WADO 52 -248 
-9-



The stLok force gradients will be varied by signals from Faj/n and C. while the

d- signal will be used to trim the stick to zero force3 Mhe strain gages on the
aluminum stick will measure strain equivr1laut to 10,000 pai stress when the stick
force is 100 lbs. The dynamic pressure range for the F-94 will be fran 46 to 340 psf.

The stick force per speed change (dFs/dVi) can be determined from

Equation (7) aso [

The stick force per stick deflection can be expressed as a total derivative in
terms of the servo gains ass

dso t aldoC d0( d6

ds Total servo servo servo d6 airplmend. servo

The servo gain dFs/dSs is then proportional to the total derivative and is equiva- -

lent from Equation (11) tos

g > Ch6 5

Variations in Ch6s or dFl/d6s will provide control over the flying quality CUs/dVj.

If a drs/dVi range from slightly unstable to five times the normal ftable vIlue ia }
required and a factor of two is allowed for d6e/d6s or d6s/dat variations, the ,range

of Cb and dFls/d$s will be'

Maximum Chs - 10 Ch8 e or dFa/d$s - 107 Ibs/deg.

-2 Chge -21 lbs/deg.

A practical minimum range would be$

Chrs - toI ohs@ or dFs/d~s = ±1.1 lbs/deg°

For a ChS range of t.2 Ch5 to -2 Chge at the extreme limits of q, the

normal

maximum ffF/dfs will be

dF/ds - 11 lbs/deg at q 46 psf

dF,/ds = 84 lbs/deg at q - 340 psf

WADC 52-248 - 10 j



The signal do(/d6a will be used to provide the dF 5 /dn gradients required.

At a 218 pof the range of stick force per g will be from -20 to +50 lbs/g. The
minimum amounit of control was oalculated as a do/d 3 s equivalent to a .h1t of

t.i0 1/rad. This is equivalent to'

dSg '-hgt 1i- ±X) t .10)ý (.,475) =±.020 dog/deg
Sd " (.482) 5

The stick force per g range can be provided if C1. be -1.05 and +1.30 1/rad.

respectively for dFs/dn of -20 and +50 lbs/6. Including a factor of five as above
for C0hs variations, de/doi will bea

Mai~emum negative 6S 1.30 (.475)w -6.4 deg/deg
-dc 1 .482 (I)

Max:Lmumn positive d~s 1.0 - (.475) +-5.2 deg/deg

f Auxiliary Surface

The auxiliary surface will be actuated by a small electric servo motor
geared down for a maximum 2 deg/seo surface rate. This velocity limit will allow
the surface to control the phugoid without causing undesirable normal acceleration
responce to u gust inputs as shown later. This slow rate will be sufficient for
phugoid control as a full range of +10 to -10 deg. surface travel will take 20 seo.
or about one quarter of the phugoid period at 292 mph ind. The signals to the
surface are Ehown below:

ATJX. SURFACE
SERVO S-

-4--YSM

[! The auxiliary surface position signal proportional to Aq/q will be pro-
vided to vary the phugoid period. The surface will have a -10 degree position range.
The largest control range was assumed at Uie Vi 292 mph condition. A minimum
Aq of 1 psf (or I mph) and a maximumAq of !29 pA% were assumed. At the extreme
q range, aAq of -5 psf at q = 46 psf and a&q of t24 paf at q - 340 psf were
assumed.

The minimum d&/d -/) signal will provide for 1% ohange in the equiv. static

margin. Thus from Equations (5a) and (5b),

d~a ?ML (t c m .264 (0) !32dg
dm 2 =m-a a dCL- - .01) -13.2 deg.

WADO 52-.248 11



The maximum d8a/d~ Signal will allow a halving in the phugoid period

at 5.5% static margin and Vi - 292 mph. j|i
pra 20Lh .264 (+.165) - 218 dog.

The maximum negative value is found if the period is to be doubled.

S(1-.055) - 55 dog 1

The signal proportional to u/q will be provided to change the phugoid
damping a minimum of 5% critical at 5.5% static marein and VI 292 mph. From
Equations (6a) and (6b)

"da ___tS 4 6ý2 d~m d~m 'm4jtTd ' VICM6 a dOL dCL
t1.0 --I

144 (2.4) +00 F2O55 O6 61 1? i1 (24) 4(.05) ±.06 mph In.

The maximum sensitivity of d~adtýL will be required to increase the danping to

70% critical. Thuss

d6a . 218 (2.4) uu4,.7- .059) [2(-.055)(-.0661)1?j v 13.65 dog BOO Psi

In order to reduce the damping to -20% oritioals .1
d6a 218 (2.4) r(o (cG l1L deg ase psi1-•-%% 144, '.coo 4(-.259 2(=o55)(-.0661) 5-.7zd•=o•=

S" J mph. Ind. -i
Ld

1.1JI

15 4

WADC 52°-248 - 12 -
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II Derivative

0 2.06 deg/deg.

al-a +& t .025 to + .48 deg/deg/sec.
- .23

0.1 to 1 10 deg/deg.

Stick Servo + 1.1 to + 107 ibs/deg.

÷2185.
S.02 to -6.4 dog/deg.

AuxiiarySufce +, 218
Servo S 1 1 / .- 13.2 to -55 deg.

.+ 13 6NdejIsee/psi
.. o6 to - k mp, ind.

J, 7

!ADC 52--21,8-
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TRANSIENT RESPONSE

The response of the F-94 at 292 mph indicated airspeed and 20,000 ft.
altitude was determined by analog computation for three disturbance conditions. A
step Cm was introduced on the analog by either a sudden application of 1 deg.
-' fvator or I0 rdeg, auxiliary surface deflection. Gusts in 6 andAK were entered
as initial conditions. A description of the computational approach can be found
in the appendixa

Pitching Moment Steps

Figure (1) shows the Fa94 response to a a deg. sop elevator defwiethois
for the normal condition of V1 d 292 mph, 20,e000 ft. altitude, 5.5% static margins
and gross weight of 13,614 tbs m The heavily damped short period is evinrt in the
slight angle of1tck odverslahoot. The low phugoid damping is also apparent.

The effects of ZN Cm & and 6, C mDI are seen in Figure (2). The _

droping of the short period is increased with negative 2% mD• The elevator

trace shows that about 0.2 deg of elevator control would be needed with this
artificial control for 1 deg step elevator input. If negative Zý' Clma is

added the spring constant of the motion changes with a corresponding increase in

frequency, The 1 deg, elevator step now creates less oý and 7&, response due to

the increased stability. Over 0.7 deg. elevator control is reqiired with this -J
artificial derivative.

Figure (3) reveals the phugoid mode variations with Cm and .

Positive C of .171 adds 50% critical damping and requires almost 5 deg, of

auxiliary surface -control for each 10 deg. of excitation. The decreased period |
due to C, , .029 is evident in all the traces. This artificial control I

demands almost as wide a variation in Sa, as the excitation itself as seen in
the auxiliary surface trace.

Forward Velocity Gust

Tho roeponge of the normal F-94 to a 10 mph ind. forward velocity gust
is seen in Figure (4). This gust as represented by an initial condition on '.

causes an initial value of n at zero time. After the short period C peak, the
motion is characterized by the lightly damped phugoid mode. If .029 Cm4ý is

added by artificial control the gust reponse changes to that shown in Figure (5).
The g response increases somewhat after its initial value, Approximately 7 deg. J
of auxiliary surface deflection would be required to provide this artificial
Gmi in response to a 10 mph gust. II

WADO 52-248 -14- J
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Figure (6) shows the effect of C on the normal acceleration

f~tA
I response due to a forward velocity gust. In the normal case at the left, the

in itial g decreases steadily after the short period dip. If a C.D of .171

[~ 7 is added to the airplane, the response shows a sharp peak about seven times the
initial normal acceleration amplitude. This effect is due to the impulse in
Cm created by use of C , as explained in Reference (1). The use of a

"velocity limiter on the right hand graph of Figure (6) reveals the close to
normal response obtained by limiting t-e rate of buildup of ,&, to 2 deg/sece

SAngle of Attack Gust

The effects of &.4 and CmD on the F-94 response to an

angle of attack gust is seen in Figure (7). The magnitude of the gust input
varies from J52 deg. for the normal airpla•xe and for A Cm . , to . deg.

for the Cm C. condition. This limitation arose from computer overload

problems. Overshoot in angle of attack, pitch rate and normal acceleration is
evident in all but the A C condition. When 80% critical damping of

the short period is caused with .6 CmDA the aircraft responds smoothly

to return to the equilibrium condition. The use of A Cnt W -. 043 would

require about 0.2 deg. elevator per deg. angle of attackwguste, hile use of
-64 Cm• -,389 irequires 0.6 deg. par deg. gust. The increase

in the short period frequency by A Cý.04 is evident in the faster initial

I! response to the gust input..

UIt should be noted that the transient curves presented were transcribed

directly from Brush recorder analog results. Thus, the time scale is correct
only at the equilibrium value. A similar time at any amplitude can be found on
a circular arc of 3 inch radius. It was not deemed important to alter thisii time scale to the usual rectangular coordinates.

VECTOR PHASE DIAGRAMS

The homogeneous equations of motion of the aircraft can be solved for
the vector balance of forces and inertias required to maintain equilibrium at
any frequency of oscillation. This vector balance is illustrated in Reference

•I ii(3). The method of obtaining the phasingb of mhe iiotions in tho phugoid

-4ATV --- A - -t 1- 4 -U
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Short Period

The shurt period phas-,ng for the F-94A airplane at Vi = 292 mph,

20,000 ft. altitude and 5.5% static margin is presented in Figure (8). It
can be seen that for the normal airplane the D e response will be 4.7 times
thev< response and 87.20 ahead of &' . The amplitude and phase of DA in
relation to.&< indicates the .314 cps frequency and 49.5% critical damping of I
the motion. The unimportance of ez in the short period is apparent.

The effects of A~ C. and CmD29 on the motions are illustrated

in Figure (8). Both artificial deAvatives raise the frequency to .475 cps,
as can be noted in the similar amplitude of the D•S veatcrso The use of
e Cm will lower the damping, however, as seen by the smaller lead angle

between D '$ and 4A . The D ( response due to C m will be almost

in phase with the normal D e vector, while CmD2 a will cause D O to

lead dS by 101.30. .

Fig~ure (9) shows the effects of 4*1 0 .i n ~C ntersoss

Both derivatives increase the damping to 79.5% criticl., but A Cm also causes

an increase in frequency as seen by tho larger amplitude of the D e vector.
The increase in D 5 lead over o-• is apparent for both artificial derivatives,
with • CmD also decreasing the amplitude of the D ( vector considerably.

j WADC 52-248 - 16-
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The phugoid phasing for the F-94A condition is shown in Figure (10).
The low damping (5.9% critical) is apparent in the DO leajd of c•, by only
93.40. The high period of 88.6 sec. is noted in the length of the Dw vector.
The phugoid motion occurs at almost constant angle of att4pk, as noted by the
minute coe vector, while the pitch ang e variation is qui;te important being
1.28 times the amplitude of k or and lagging 'q by 959.

Figure (10) also illustrates the effects of C and C

on the phugoid motions. While each artificial derivative reduces the period
to 62.8 sec. C decreases somewhat, and causes a

slight increase over the normal damping. The pitch angle response per unit
is raised to 1.81 by and lowered to 0.90 by-

Ell The phugoid damping can be increased to 56.1% critical by addition of
"m O • 1 , , or • as seen in Figure (11). All three artificial

derivatives maintain the period close to the normal 88.6 sec. value. A significant
increase in angle of attack response is noted with the use of C-M or CM

The pitch angle lag is reduced to 540 with and 52O with C while

increases the lag to 1280.

The usefulness of these phase diagrams is apparent from the ease with
which the amplitude and phasings of the motions can be obtained. It should be
rnoted that these diagrams can he obtained quite readily by graphical analysis.
Besides enabling the theoretical analyst to gain a physical insight into the
motions, these diagrams can be used to predict the transient response of other
variables, once the response of a single variable has been determined. Thus,
assume that the D • response to a particular input has been determined as:

I!~~~~ I oT($+ Ces'5M4)+DO part.
ii where D e part.- particular solution for '(O G The response to any other

variable X( can be determined as:

itVý AX1 C1650 et1

VI -- 4 part.
5-
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where amplitude ratio of X to PS in short period
wee A short period frequency).

amplitude ratio of Y% to P • in phugoid.
phugoid frequency)

a phase lead of X from O in short period

- phase lead of X from p3 in phugoid

par particular solution for ><

The new particular response to the input disturbance must be calculated
separately. In the case of step disturbances or initial conditions this
particular response can be found for combined phugoid and short period analysis
from the formulae:

Step Elevator Particular Solutions "i

Lpart. ii

epart. - SS See formulae for steady
state values on Page 43

C part. a in Appendix

}part.

Particular Solutions When Input is Initial Condition on u or c.

LA part. part, part, part. 0

With the particular solutions known, the response in the desired
motion, X , can be readily determined with the amplitude and phase ratios
(Ax and I X ) determined at both short period and phugoid frequencies.

51
J
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1 RESULTS AND CONCLUSIONS

rg fOn the basis of this theoretical investigation to provide a wide

range of artificial stability and control to the F-94 airplane, the following
results and conclusions can be noted:

1. Use of elevator signals proportional to CW and oK will

provide a wide range of short period frequency and damping
control.

2. Usp of auxilary surface position stgnals proportional to
AZ q/q and u/q will provide a wide range of phugoid period

and damping control.

3. Use of elevator position signals varying with stick position
will change the fixed stick stability.

4. Use of stick force signals varying with stick position and

angle of attack will change the froc stick stability of the
airplane.

5. Seven artificial stability derivatives will be provided on
the F-94 with a hydraulic servo system on the elevator
and stick, and with an electric servo motor on the auxiliary
surface.

I 6. An auxiliary surface of 0.43 sq. ft. will be constructed and
installed in the nose section for phugoid control. The
surface will be geared down to 2 deg/see. to avoid normal
acceleration peaks due to forward velocity gusts with Cm

present.

7, The phasings of the phugoid and short period motions can
be investigated readily by vector phase diagrams.

8. The phasings of the oscillatory modes may be an important
parameter in the pilot's evaluation of a flight configuration.
Further insight into the effect on the human pilot of the

Sphasings in the short period and phugoid response should be
S.~ gained by analysis of flight traces as well as by theoretical

studiesr

iii
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h TABLE I

P'-914A NORMAL. STABILITY DERIVATIVES

Constants:

c - 6.72ft. d525 q

S = 237.6 ft. 2 do
St 147.83 ft. 2  Ce = .720 ft.

H ,-- 1.03 rad./ftt Se - 8.70 Z,.2

Variables.-

Indicated Airspeed, Vi (mph) 135 219 292 290 365
Mach Number .18 .43 .57 .70 .71
True Airspeed, V (mph) 135 300 400 474 500
Altitude (ft.) S.L. 20,000 20,000 30,000 2jOo00
G.Go (%-MC) 28 29 29 29 29
dCm/dCL -. 049 -. 055 -. 055 -. 055 -. 055

I G.W. (lbs.) 12,359 13,614 )3,614 11,365 13.614
I (slug ft.2 ) 26,545 26,543 26,543 22158 26,543
Y

ii B 6.129 55 .5 5.514 5.514

2 Jt/e 5.23 5.21 5.21 5.21 5.21.

6 f (deg.) 45 0 0 0 0

CL 1.12 .0466 .264 .222 .168

CL (1/rad) 5.12 5.51 5.90 6.48 6.41

S.135 .0307 .0235 .02L2 .0237

COD (1/rad) .653 .264 .147 .140 .110

Cm (i/rad) -. 251 -. 304 -. 324 -. 357 -. 353

CM (1/deg) -. 0155 -.0165 -. 0o165 -- Ml65 -.0165

Cm (1/rad) -8.96 -9.28 -9.28 .-9.28 -9.28

Cm~oc (1/rad) -4.10 -4.24 -4.24 -4.24 -4.24

"V (sec.) 3.45 3.20 2.40 2.41 1.92

H 74 203 1419 419 497 419

0h$ (1/rad) -.430 -.147 -. 482 -. 460 -.1455
LIhCh (]/r) ..-. 15 -o10 -. 09 -. 09 -. o6

wAnl ~2r*-1



TABLE II

CHARACTERiSTIC ROOTS OF THE NORMAL F-94A

Phugoid Short Period
d--'-- V Period % Critical Frequency % Critical

dCLO (mph) (sec.) DN-ping (cps) Damping

-.049 135 33.1 8.35 .119 67.4

-. 055 219 67.0 3.25 .227 49.5

-. 01 292 D18 7.61 .0991 87.5

-. 055 292 88.6 5.94 .314 49.5

-.10 292 85.7 5098 .431 38.2.

-. 055 290 104.2 7.53 .361 46.1

-. 055 365 112 10.3 AO8 49.9

WADO 52-248 - 22 -
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V TABLE V

A CONTROL STICK PARAMETERiS OF THE NORMAL F-9!,Aý

dCm V, Iane4f lodkj d4/,5'V l

d•L (mph) (deg/g) (lbs/g) Vi V trim Vi = Vtrim

Push Downs Turns Push Downs Turns (deg/mph ind) (Ibs/mph ind)

-. 049 135 4.36 4.36 14.35 4.36 .0524 °0438S+.822/n2 +139/R2

-.055 219 1.879 1.879 8.o6 .o06 .0144 .0585I ..3114/n 2  +1.66/n2

J -. 01 292 .338 .338 .977 0.977 .00109 -. 00488
+,177/n 2  +1.69/n 2

-.o55 292 1.059 1.059 8.60 8.60 .00601 °0474
4 .177/n 2  +1.69/n 2

-. 10 292 1.782 1.782 16.24 16.24 .0109 .0996v++.i77/n2  +1.69/n 2

-. o55 290 .923 0923 7.21 7,21 .00512 .0386
+ .179/n 2  +1.61/n 2

-.o55 365 .677 .677 9.01 9.01 .00309 .0403•f•1 i 1.65/n2

WADC 52-248 25 -
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94 FIGURE 1

TRANSIENT RESPONSE TO STEP ELEVATOR
NORMAL AIRPLANE

NORMAL ACCELERATION3.0

n eg)s 1.01
0
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DEGREES 0 ,,_
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I0 ~PITCH RATE,.

O[G./SEC. o ' -0'---

of

to[

---------
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03950
mph(Ind.) -Pso

ELEVATOR 0 EFLECTION

Lo" o0 . - -. $ ..

DEGREES____- -_____ ____ ___

0 25 50 75 100 125 ISO

t - SECONDS

CONDITIONS

V,.: z 9 mph
N 20,000 ft.

SG.W, 13,614 lbs.
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PHG -ID £94FIGURE .3

TRANSIENT RESPONSE TO STEP AUXILIARY SURFACE DEFLECTION
PKUGOID EFFEGTS ,C,-.O2f ,Cmo 2 .171

NORMAL ACCELERATION

.,0

.8

PITCH ANGLE

-0

O-DEGREES j
-6

FORWARD VELOCITY

20

0 25 50 75 100 125

"t -' SECONDO

Cy .029 CONDITIONS

-c G .. 171 t9Z mph

h- F0,000 ft.

dCM/dCL= 5-.011

G.W. 13,614 lbs.
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-94 FIGURE 4~
TRANSIENT RESPONSE TO FORWARD VELOCITY GUST

" ~NORMAL AIRPLANE

"ORMAL ACCELERATION

S_. -_____ _____ _____ ____ _

AN1LE OF ATTACK

-. DEG REES _ "._.... ... _ _ . ... _ _

PITCH RATE

dO/dt 0 o_- -

09. /SEC.
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0 _ _
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0 25 50 To 1OB 125 150

- -. -t-"-SECONO$
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H 0. 0 ooo ft.

dC" /d CL -
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F -94. FIGURE 5 I
TRANSIENT RESPONSE TO FORWARD VELOCITY GUST

CmI. 029

NORMAL ACCELERATION

1.0

ANGLE OF ATTACK

o,,e."E= o • ___ i.DEGREES 0

PITC H RATE

01G./SEC. -00
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DEGREES_________ ___
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DEGREES0

FORANUVELOCITY

25
AV,.mph ind. o---- _L--- - -. __._

0 25 50 75 400 125

"t" "SECONDS
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6, = 292 mph
S= o20,000 ft.
l / C, . -. 'o$s

G, We 13,614 bs.
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Now94

SHORT PERI9D PHASING

FREQUENCY VARIED

D R1 9 0

D e D a e a s D e

NORM.

D NORM.

I \\ \l'

180 -0

55,.0

~~NORMAL AIRPLANE 5CP

* ~~~CMW~-.369,f 8.47CP
D', C1 0.00768, f*.475CPqL

D q

PW"1 . 09m "-3 g • ,41 P

NORIMAL F -94 CONDITIONS

2 Via 92 MPH H w 20,000 FT.
60.0 W. ,, 13,614 LSs. dcmJCL--.055

D cOC M .S ?

270
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SHORT PERIOD PHASING

DAMPING VARIED
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I) APPEN4DIX

1-VECTOR ANALYSIS OF MOTION

A force vector diagram can be drawn for any equation when the direction
and amplitude of the variables is known at any natural frequency of the motion.
In tha aircraft longitudinal motion, the phugoid and short period modes are ofgreatest interest. The amplitude and phase relationships of the variables will

be determined at these frequencies.

4 ItShort Period

The short period moae can be -e-piesentad by the equattons:

ID ... DDD'O

The natural undamped frequency and damping of the short period can be obtained
[ from Equation (1) and frui the relation:

the relation between LoK and o< can be expressed as:

Da -(% : ½ ~/goo +n

where

S-IX

This expression can be found in Reference (3).

The lift equation can now be used to obtain D e in terms of < t

A graphical solution will yield sufficientay accurate results. The presence'of
-2 t in the short period can be predicted accurately from the drag equation:

C, + ( - C0e
Since CD is very small compared to 04 at the short period frequency,
this equation becomes:

q - C CL
which can ba solved graphically.

The quantities D G and DL4 have been determined as vectors In
relation to unity cm at zero phase, These quantities are shown graphically
below for the normal airplane.

1%7



SHORT PERIOD PHASING
FREQUENCY VARIED 30" I

I

il i ,

________ D c ____ ___

S~Phugoid

STwhe phugoid mode can be represented by the three equations of •otion-±

-+,[oD2 -? o o 1
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If is neglected, the latter two equations can be combined as:

The vector iDoK a Y L,

and D( st•'JU a/go +e

The natural undamiped phugoid frequency and damping can be obtained from Equation (4)
and fromi

can then be determined in terms of 4 The drag equation can then be used
to determine graphically the vector properties of e in terms of unit L4 atFzero phase. The normal F-94 phugoid motions are shown vectorially below:

PHASING OF THE PHUGOID
PERIOD VARIED

Too

V

1..

l; o
70°
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ANALOG COMPUTER SETUP

The longitudinal equations of motion for tho F-94 airplane at WOO mph.
20$000 it. altitude for 5.5% static margin arc listed below

Au- - O.0A: u *.122-ac -.,2750

d___- -. 65 u -6*140C +

d' 1 -~10704 -1.60 it .31631 e
dt/rM,) 2

where -5.0 sec.

The elevator was positioned by the signalas "I

- .iuput + .0219 -. 0307 u -. 0875k i
applying --. 389, &Ctý . .171

A forward velocity gust is applied to the airplane on the analog byisentering an initial condition on U-. This is equivalent to a forward velocity |

increment of the air relative to the groatd. Since ofe plane's veoocity with
respect to the ground will not c nge, this gust will give a sudden increase iny
the velocity of the plane with respect to the air as seen matimatically belown-to

4p& Li •pg + W ag

j'"This ag provided the disturbance to excite the phugoid osci.1lation.

It should be noted that a sudden iofease in Thpa will cause an
impulse in the rate of change of airspeed as measured by a pitot tube. Thus0,as C D -e is provided by sensing the rate of change of. • pa., an impulse

in pitching moment would be applied to the airplane. The auxiliary- surface is
limited to 2 delg/sec.., however, so that the rate of change of pitching moment
is drastically limited.

In order to examine the respo~nse of the airplane without this velocity
limijer, initial conditions on 4 and 9 were entered on the --nalog. The condition
on 9 Parises from 'the preuriously noted effect ofc) o Thus, the integral of
the moment equation must be in balance before the gust is applied at time -0 and

just after application at time +0. This yields,

]



"" o _-07

or

Thi re atin b/ j 27.2 us rset

This relation between • and Qa is necessary to represent • gust
pr--perly when e6 of .17! ig present.

An angle of attack grust or a vertical velocity aust will be
represented similarly by initial conditions on o< andn Thuss for the

Ii norival airplrne:

-1,60--.60

When jC.M is present, an o(, gust creates a larger • as:

i./L w -.='043)- C 4;'o = -8.40 cý<

Besides the inputs of initial conditions on LA, • and o<, e ;

the airplane response .to a step elevator and to a ramp elevator was examined.
The response to a ramp represented the most severe response possible with the
velocity limiter used on the auxiliary surface. It should be noted that
although the equations are sat up for elevator inputs, auxiliary surface inputs
can bo obtained by ratioing the response in terms of C- !

Wiring Diagram

11 The wiring diagram is included next to indicate the circuitry
necessary to obtain the responses%

5-



ANALOG WIRISNG DIAGRAM
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STEADY STATE VALUES

- The following formulae are listed to aid irn determining the steady
state values of the aircraft motions following a step elevator deflection:

- • - L -C-e = - _-"CL

The st•ady•-s -It t valesint (assuming CL. 0)

Thestedy tat vauesin heshort period mode of motion are-.

_K C ~-

- iC

PL The maximum value of a in the short period, and of 4 V and in the
phugoid can be computed from:

Hf • max.-/- steady state (1 1% overshoo00 )

where eitherc< Y4iý or & can be represented by
I. The pereekitage o ioot 18 a function of along and is shown below;

00

10,

- damping ratio (% critical)
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